in arid regions, water availability is a crucial factor, which is expected to ameliorate towards higher elevations through convective cloud formation, and hence lower limits may be more easily recognized.
| INTRODUC TI ON
Recent range shifts in both latitudinal and altitudinal distributions have been recorded across animal and plant taxa in response to changes in climate, with ranges expanding at high latitudes and altitudes, and contracting at lower latitudes and altitudes (Chen, Hill, Ohlemüller, Roy, & Thomas, 2011; Wilson et al., 2005) . Lower latitudinal and altitudinal range limits, the rear or trailing edges of distributions, have received little attention (Hampe & Petit, 2005) , despite these margins often contributing to higher levels of regional genetic diversity (Hewitt, 2004) and being important in the maintenance of biodiversity (Hampe & Petit, 2005) . Given the potential conservation implications of the lower margin shifts of plants, it is therefore surprising that empirical studies are so poorly represented in the literature (Lenoir & Svenning, 2015) . It is true that lower limits are harder to assess, with a less clear-cut position influenced by a multitude of factors rather than mainly climatic (e.g., biotic interactions, and propagules moving downhill under gravity). Nevertheless, such as these are not necessarily always consistent with temperature being the sole dominant factor inducing change (Grytnes et al., 2014) . However it seems probable that changes in both the thermal regime and water availability will be the main drivers of altitudinal changes, with adverse changes in both (e.g., warmer and drier) causing the greatest pressure (McCain & Colwell, 2011) .
Globally, mountainous regions represent important hotspots of endemism (Körner, 2003; Nagy & Grabherr, 2009 ), but mountain species are especially vulnerable to extinction due to habitat loss induced by climate change, because shifting climatic zones will reduce suitable habitat area, leading to 'mountain-top extinctions' (Dirnböck, Essl, & Rabitsch, 2011) . Plant species in arid regions may also be very susceptible to climate change, and the loss of aridland endemics may occur in both lowland (Foden et al., 2007) and mountain (Van de Ven, Weiss, & Ernst, 2007) environments under increased levels of global warming.
There are very few studies of recent altitudinal changes in plant distributions from subtropical or arid regions (Jump et al., 2012; Lenoir & Svenning, 2015) . We study here the flora of the hyper-arid desert mountains of South Sinai, Egypt. Egypt and the wider Middle East region has seen recent temperature increases (Domroes & ElTantawi, 2005; Zhang et al., 2005) , with average warmest daily maximum temperatures increasing by >1°C since the 1970s (Donat et al., 2014 ). Sinai's southern montane regions contain relatively high levels of biodiversity (Zalat et al., 2009) , and are home to 19 of Egypt's 33 endemic plant species (Rashad, Basset, Hemeed, Alqamy, & Wacher, 2002) . The area is recognized as one of the most important centres of plant diversity in the Middle East (IUCN 1994) . Greater botanical diversity has been suggested to occur at higher altitudes in Sinai due to a diversity of habitat types and favourable environmental factors, especially the increased water availability, precipitation and soil moisture retention in high-altitude areas (Moustafa & Klopatek 1995; Moustafa & Zaghloul, 1996) .
Many species of plants in the high mountains of southern Sinai exhibit disjunct distributions of Holarctic species found more commonly further north, suggesting that these species are relics of a more humid, colder past (Shmida, 1977) . The isolation of plants that thrive in cooler damper climates in refugia on the highest of Sinai's mountains suggests their vulnerability to rising temperatures.
Recent shifts in plant altitudinal distributions in the Middle East are expected, but remain completely unstudied until now, and especially not with the multifaceted approach of looking at leading and trailing edge changes simultaneously.
Therefore, we focus here on the following hypotheses. First we ask whether there is evidence of recent range shifts in the highmountain flora in South Sinai, predicting that these should be evident as largely up-slope movements. The null hypothesis is of course no change, but alternatively the mean response may be zero because of idiosyncratic responses of the different species, which may not respond to temperature but to other factors, especially water balance (cf. Rapacciuolo et al., 2014) . Second, we study the directions of shift for upper and lower altitudinal range limits, and split the species into growth forms to help interpret the results. The prediction is that upper and lower limits should move in concert, and that all plants should show the same patterns.
| ME THODS
We use the approach of comparing modern with historical data (Stöckl et al., 2011) . Ideally the methodologies and locations should be identical, but in this case the earlier surveys were not quantitative and did not locate the transects with geographic coordinates. With this caveat, the unique existence of the earlier data for the Middle East makes the comparison worthwhile.
| Study region
The St Katherine Protectorate covers much (4,350 km 2 , almost half the area) of the southern peninsula of Sinai, encompassing the majority of a high-altitude massif and reaching down to sea level to form one of Egypt's largest protected areas (Grainger & Gilbert, 2008 
| Historical data
To assess temporal changes in upper altitudinal range limits, we compared our field data with a 1970s data set compiled by Arbel and Shmida (1979) Protectorate falling outside the ring-dyke and its high mountains;
these observations were incorporated into the main data set.
Unfortunately the only remaining details of the original data set available to this study were records of minimum and maximum altitudes for plant species recorded at a resolution of 100 m altitude, together with a subjective assessment of relative abundance (common, very frequent, frequent, rare, very rare, found once) and statements of their common habitats (gorges, weathered slopes, gravel wadis, rock cracks, wet places, etc.; see Appendix S1: Table   S1 ).
| New data
Quantitative data were collected during field surveys running from late Oct to mid-Dec 2014. Surveys were carried out in the high mountains within the igneous ring-dyke area over an altitude range of 1,324 m to 2,629 m (see Figure 1 for survey locations, Appendix S1: Table S3 for quadrat GPS locations, Appendix S1: Table S4 for site photos and descriptions, Appendix S1: Table S5 for species lists and abundances by quadrat). We were not able to revisit exact sites surveyed in the 1970s as quadrat location had not been recorded; instead we surveyed extensively within the same mountainous region (Figure 1 ) including the same mountains and habitats as the older surveys. It is probable that new and old quadrats were close or very close to one another.
Vegetation was sampled along sloped transects running through wadis, mountain slopes and gullies. The lengths of each transect were determined by the scale of the landscape, running from the lower to the upper altitudinal limits to encompass as large an altitudinal range as possible. As landform/habitat type is a major determinant of the diversity and community composition of the vegetation in Sinai (Moustafa & Klopatek 1995) , the location of transects was chosen to cover all major habitat types.
Quadrats of area 100 m 2 were demarcated along transects approximately every 50-m change in elevation where terrain permitted.
In total 283 quadrats were placed in 36 sites covering 28,300 m 2 . Location and altitude above sea level were measured at the centre of the quadrats using a Garmin etrex 30 hand-held GPS with the GPS + GLONASS (±3 m) and barometric altimeter (±3 m) functions, respectively. At each quadrat, we recorded: aspect of slope to the nearest cardinal point; gradient to the nearest 5° (360° scale); a brief site description; and a photograph. All vascular plant species in the quadrats were identified (using Boulos, 1999 Boulos, -2005 and individually counted (with individuals of multiple stemmed/clumping plants defined as those with stems returning to a common root stock): plant names follow Boulos (1999 Boulos ( -2005 .
A total of 241 species were recorded from the 1970s: of these, Numerical abundance data were not available for species from the 1970s data set. In the 2014 data set, to allow reasonably accurate estimation of altitudinal limits, only species for which more than ten individuals had been recorded during the entirety of the 2014 field surveys were selected (see Appendix S1: Table S2 ). This selection allowed the upper limits of 63 and lower limits of 22 species to be identified. Subsets of upper-and lower-limit shifts were taken for perennials, and trees and shrubs to allow comparisons to be made that avoided the potential effect of yearly environmental (specifically rainfall) fluctuation on the distributions of annual species.
| Statistical methods
All statistical and graphical analyses were carried out using R (v 3.1.2, R Foundation for Statistical Computing, Vienna, AT).
| Patterns of diversity in the new data
To describe the 2014 data set, weighted mean (±SE) elevations were calculated for all species recorded (see Figure S1 & S2). For each quadrat, the three Hill's numbers (Chao, Chiu, & Hsieh, 2012) were calculated as measures of components of diversity representing effective species richness. The general equation is:
TA B L E 1 Description of pattern of movement of upper and lower altitudinal limits for 22 individual plant species where both upper and lower limits could be measured
Species

Upper limit 1970s
Upper limit 2014
Lower limit 1970s
Lower limit 2014
Limit movement patterns
Range size change where q = 0, 1 or 2. Ascending Hill's numbers (q values) give reducing weight to the less-abundant species, reflecting the relative ecological importance of more abundant species (Hill, 1973 abundant' species present in the community (Chao et al., 2012) .
Therefore, considered together, Hill's numbers present a picture of community evenness.
To describe altitudinal patterns of diversity in the 2014 data, abundances were assigned to altitudinal bands of 50 m. Smoothing splines were fitted to the three Hill's numbers with altitude as the predictor, using the GAM (Generalized Additive Model) function of R-package ggplot2 (Wickham, 2009 ).
| Range shift comparison
To estimate shifts in altitudinal ranges, the altitudinal limits between 63 paired upper-limit and 22 paired lower-limit values from the 1970s and 2014 were compared using paired t-tests to test the null hypothesis that the mean difference was zero. Sign tests (i.e., binomial tests on the numbers of negative and positive changes)
were used to indicate the dominant direction of change. 22 species had estimates of both upper and lower limits, and so were considered together to allow assessment of overall altitudinal range size changes. Species were categorized as showing no change, expanded range or contracted range (Table 1) . Movement of <100 m for either limit was regarded as stationary in view of the measurement resolution of the 1970s data. A binomial test was used to identify whether expansion or contraction of ranges was the dominant pattern.
As an aid to interpretation, reasons for the changes were explored in a GLM using the differences in altitudinal limits between 2014 and the 1970s as the response variable, and a variety of predictors: flowering season(s), basic growth form (herb, shrub or tree), Raunkiaer life form, and basic life form (annual or perennial).
The best fitting models and predictors were selected through use of AICs.
| RE SULTS
| Patterns of diversity in the new data
The overall patterns of diversity were indicated from the three Hill numbers, but each followed a distinct altitudinal pattern (see 
| Range shift comparisons
Comparison of the upper altitudinal limits from the 1970s and 2014
for 63 plant species indicated a significant difference between mean past and present upper altitudinal limits, with the current limit (mean:
2,228.6 ± 294.5 m) larger than in the past (mean: 2,125.2 ± 350.2 m; paired t = 3.37, df = 61, p = 0.0013). Although the mean upper altitude limit for all species was found to be significantly higher, there was no evidence of a preponderance of species increasing rather than decreasing their upper altitudinal limit (38 of 63 spp.; binomial test p = 0.065; see Figure 3 for details). However, for species differing by >100 m, a significantly larger number of species moved up-slope (26/40; binomial test p = 0.04). This was also the case for species differing by >250 m (16/18; binomial test p < 0.001).
The 22 species whose lower altitudinal limits were assessed showed a significantly downward shifted mean lower altitudinal limit In species with measurements for both upper and lower altitudinal limits, a significant majority expanded their altitudinal ranges between the 1970s and 2014 (15/22′ binomial test p < 0.001). Three species showed divergence of altitudinal limits (lower limit moved down-slope, upper limit moved up-slope) and one convergence (lower limit up-slope, upper limit down-slope; see 
| D ISCUSS I ON
| Patterns of diversity in the new data
The three Hill's number diversity indices provide greater insight than a single measure (Chao et al., 2012) , with higher-order measures emphasizing more dominant species. Each index exhibited a different pattern of diversity with altitude. Species richness ( 0 D) was largest at high altitudes, with low richness found at low to mid-altitudes. This pattern contrasts with more humid mountain systems, where plant species richness typically peaks at low to midaltitudes (Poulos, Taylor, & Beaty, 2007; Vetaas & Grytnes, 2002) .
The refugial nature of South Sinai's high mountains may explain the discrepancy in the pattern of species richness. Favourable climatic conditions, primarily increased availability and retention of moisture (Moustafa & Klopatek 1995; Moustafa & Zaghloul, 1996) , at higher altitudes support increased richness than the comparative extremes of temperature and water stress encountered at mid-to low altitudes. While the temperate flora has largely been lost from much of low-altitude Sinai, in the mountain region of St Katherine remnant species remain only at higher altitudes, leading to a pattern of increasing species richness with increasing altitude (Moustafa, Zaghloul, El_Wahab, & Shaker, 2001) . The Hill's number 1 D (number of typical common species) was highest at the lower altitudes sampled, decreasing at higher areas, whilst 2 D (number of very abundant species) increases with altitude. These patterns suggest that higher-altitude communities are dominated to a greater extent by a few abundant species. The joint interpretation of the patterns of all three diversity indices is that species richness increases with altitude, most likely due to more favourable climatic conditions of lower temperatures and greater moisture on mountain peaks and, although richer, communities become more uneven at higher altitudes, with a few species showing increasing levels of dominance. The endemic species recorded in this study peaked in density at generally high altitudes and around mountain peaks, as in other studies in arid landscapes (Noroozi, Pauli, Grabherr, & Breckle, 2011 ) and more widely (Essl et al., 2009; Vetaas & Grytnes, 2002) , although glaciation history is often also important in more northern studies.
| Range shifts since the 1970s
We have found clear evidence of temporal altitudinal range shifts in South Sinai's high-mountain flora, although species showing shifts of <100 m may be artefacts of the differing methodologies of the 1970s and 2014 studies, using different resolutions and elevation intervals for vegetation recording. Species with larger range shifts, however, showed an obvious pattern of up-slope movement of the upper limit, but also down-slope movement of the lower limit.
There have certainly been globally reported trends towards upwards shifts in range limits and changing community assemblages on mountain peaks, often attributed to climate change (Gottfried et al., 2012; Matteodo et al., 2013; McCain & Colwell, 2011) . Indeed climate change is expected to be the main cause of range shifts, especially when considering both core components: temperature and precipitation. Nevertheless, wider consequences of climate change, including changes in water balance (Crimmins, Dobrowski, Greenberg, Abatzoglou, & Mynsberge, 2011) , the area of bare soil surface (Walther et al., 2002) and elevated atmospheric carbon dioxide levels (Wayne, Reekie, & Bazzaz, 1998) can all influence range shifts in plants, albeit probably of lesser importance. In the case of South Sinai, unfortunately we do not have reliable local long-term site-specific climatic and environmental information. Coupled with high levels of small-scale variability in microhabitat conditions (Moustafa & Klopatek, 1995; Moustafa & Zaghloul, 1996) means that accurately determining causes for the observed range shifts is beyond the scope of this study. No good data on long-term precipitation in the South Sinai mountains exist. It is therefore difficult conclusively to attribute downward shifts of lower limits to increased precipitation. Donat et al. (2014) suggest "a slight wetting trend" across the Arab region since the 1970s. However this must be viewed in light of high site-specificity in precipitation and moisture availability in the South Sinai mountains, as noted by Moustafa and Zaghloul (1996) . temporal variability (Zhang et al., 2005) but little evidence of significant changes in average values in Egypt (Donat et al., 2014) .
Overgrazing by livestock has been suggested to be a determinant of vegetation diversity and range, including in the South Sinai mountains (Moustafa, 2001 ), but as with grazing by indigenous peoples worldwide (Davis, 2016) , these are interpretations with little if any empirical evidence (see Gilbert, 2013 for full discussion). Numbers of grazing livestock and flock sizes have decreased substantially since the 1960s (Gilbert, 2013; Perevolotsky, Perevolotsky, & NoyMeir, 1989) , and hence it is possible that relaxed grazing pressure has permitted down-slope movement of plant range limits. However, the bulk of livestock flock size decreases occurred before the date of the 1974-1976 surveys (Perevolotsky et al., 1989) , with average flock sizes changing from 78 pre-1968 to ~13 in the 1970s, ten in 1982, and seven to eight now (Gilbert, 2013) . Rashad et al. (2002) found the majority of grazing occurred in an altitudinal band between 1,500 and 1,800 m. Only one species (Rubus sanctus) in our data set has its upper limit within this grazing zone, and this was stationary between the 1970s and 2014. Thus we do not believe that grazing has affected the upper altitudinal limits. Of the lower limits recorded in our data set from the 1970s, 17 of the 22 species fell within this altitudinal grazing zone, but only eight of these showed down-slope movement between the 1970s and 2014 (see Table 1 for detail In this study we have presented the first recorded instance of contemporary altitudinal limit shifts in Middle Eastern mountain flora. The fine-scale variability of environmental and ecological factors within the South Sinai mountain ecosystem highlights the necessity of ecological monitoring, and makes a case for increasing the comprehensiveness and quality of the region's environmental monitoring programmes. Our GPS-marked survey quadrats (Appendix S1: Table S2 ) will provide a baseline for future fine-scale monitoring. We also stress how important it is to consider both upper and lower altitudinal limits to obtain an accurate indication of overall altitudinal range changes. We need to focus on lower limits to understand better the ecological drivers and dynamics underlying heterogeneous responses at the range limits. 
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